The Ministry of Health and Welfare, Japan banned coadministration of carbapenems, such as panipenem/betamipron (PAPM), meropenem (MEPM), and valproic acid (VPA) because clinical reports have indicated that the coadministration caused seizures in epileptic patients due to lowered plasma levels of VPA. In this study, we have clarified the mechanism of the drug-drug interaction using PAPM In vitro experiments using monkey liver slices suggested that the apparent synthetic rate of VPA glucuronide (VPA-G) increased in the presence of carbapenems. However, no such increase was observed in the experiment using monkey liver microsomes. Although no increase of uridine 5-diphosphate Dglucuronic acid was found in monkey liver slices in the presence of carbapenems, potent inhibitory activity of carbapenems for the hydrolysis of VPA-G was found in monkey and rat liver homogenate. In vivo hydrolysis of VPA-G was clearly shown by the existence of VPA in plasma after dosing of VPA-G to rats, and its inhibition by carbapenems was also clearly shown by the negligible levels of VPA in rat plasma after coadministration of carbapenems and VPA-G. These results clearly indicate one of the important causes of drug interaction as follows: carbapenems would inhibit the hydrolytic enzyme, which is involved in the hydrolysis of VPA-G to VPA, resulting in a decrease of plasma concentration of VPA.
Experiments in Monkeys.
Plasma levels of VPA after oral administration of VPA with carbapenems. The monkey oral dosing study was referred to the Information on Adverse Reactions to Drugs (137-1) from the Ministry of Health and Welfare in Japan, 1996. Namely, three male monkeys were orally administered at 25 mg/kg VPA. After 30 min of VPA dosing, PAPM, MEPM, S-4661, and physiological saline were intravenously administered at 20 mg/kg each to three monkeys. Blood was collected at 15 and 30 min, and 1, 2, 4, and 6 h after dosing of VPA and centrifuged to obtain the plasma sample. Plasma concentration of VPA was measured with an immunoassay kit (EMIT, Daiichi Pure Chemicals Co., Ltd., Tokyo, Japan; Rubenstein et al., 1972) .
Plasma levels of VPA and urinary excretion of total VPA after intravenous administration of VPA with carbapenems. Four female monkeys subjected to bladder cannulation were intravenously coadministered 25 mg/kg VPA and 20 mg/kg carbapenems (PAPM, MEPM, and S-4661), or physiological saline as the control. Blood was collected at 15 and 30 min, and 1, 2, 4, and 6 h after dosing, and centrifuged to obtain the plasma sample. Urine was collected for the periods of 0 to 1, 1 to 2, 2 to 4, and 4 to 6 h after dosing. The analytical method used was basically according to the GLC method (Liu et al., 1992) , with a little modification. For the determination of free VPA concentration in plasma and urine, 50 l of sample was extracted with twice the volume of ethyl acetate containing 1-methyl-1-cyclohexanecarboxylic acid as an internal standard after acidification with an equal volume of 0.5 N HCl. The mixture was shaken with a mixer for 1 min and centrifuged at 14,000 rpm for 1 min. Next, 2 l of the ethyl acetate layer was injected into a gas chromatograph (GLC). The gas chromatograph (model GC-9A; Shimadzu, Kyoto, Japan) was equipped with a flame ionization detector and a 30 m ϫ 0.53 mm wide-bore fused silica capillary column with free fatty acid phase (Supelco Wax 10). The temperature of the injection port was 120°C. The column oven temperature was 110°C. The carrier gas (He) flow rate was 50 ml/min. For the determination of total VPA concentration in plasma and urine, 50 l of sample was heated in a hot water bath at 90°C for 1 h after addition of an equal volume of 2.5 N NaOH. After hydrolysis, the sample was acidified with 50 l of 4 N HCl, and then extracted and subjected to GLC analysis. The peak area ratio to the internal standard was determined by a reporting integration. Linearity for the concentration of VPA (r ϭ 0.999) was observed up to 100 g/ml. The limit of determination was 2.5 g/ml with a coefficient of variation Ͻ20%.
Experiments using monkey liver and kidney slices. Under pentobarbital anesthesia (25 mg/kg), monkeys were killed by bleeding, and the liver and kidneys were removed and stored in chilled Krebs-Ringer-bicarbonate buffer (KRB). After the connective tissues and fat had been removed, the liver and kidneys were cut into slices about 0.2 mm thick with a tissue slicer, KN-822 (Natsume Co., Ltd., Tokyo, Japan). One gram of liver and kidney slice was added to a 30-ml flask containing 4 ml of KRB that had been bubbled with an O 2 /CO 2 (95:5) gas mixture for more than 15 min. Next, 103 g of 14 C-VPA (10 Ci/mg) and various concentrations of carbapenems (PAPM, MEPM, and S-4661) or flomoxef sodium (an analog compound of the cephem group; Shionogi Co., Ltd.) were added. The mixtures were finally bubbled again with the same gas mixture for 30 s and then incubated for 1 h at 37°C with constant shaking. After incubation, the mixtures were homogenized in a glass homogenizer. Portions of 3 ml of each homogenate were acidified by adding 0.3 ml dmd.aspetjournals.org of 1 N HCl and centrifuged, and then the resultant supernatant was used for TLC analysis. The supernatant obtained from the incubation with 14 C-VPA was extracted with a solvent mixture of n-hexane/ethyl acetate (9:1) and then applied to DIAION HP-20 (Nippon Rensui Co., Tokyo, Japan). The column was washed with 3 ml of 0.1 N HCl two times and then eluted with 6 ml of acetone. The eluate was dried in vacuo, dissolved into a small volume of 95% tetrahydrofuran aqueous solution, and subjected to TLC using silica gel 60F 254 -precoated plates (0.25-mm thickness 20 ϫ 20 cm; Merck, Darmstadt, Germany) with a developing solvent system of ethyl acetate/acetic acid/water (4:1:1). The TLC plate was brought into contact with X-ray film (Fuji Photo Film Co., Ltd.) to obtain a radioautogram. Next, each fraction was scraped off and its radioactivity was counted with a Tri-Carb 2200 CA liquid scintillation counter (PerkinElmer Life and Analytical Sciences, Boston, MA).
Experiments with monkey liver microsomes. Microsomes were prepared as previously described (Matsubara et al., 1983) and were kept frozen (Ϫ80°C) until use. Protein was determined with the biuret reaction using an assay kit (Pierce Chemical, Rockford, IL). Incubation was performed at 37°C for 30 min in the presence of 10 mM Tris-HCl buffer (pH 7.4) containing 2 mM MgCl 2 and 30 mM KCl, 10 mM uridine 5Ј-diphosphate D-glucuronic acid (UDPGA), 20 g/ml 14 C-VPA, and various concentrations of carbapenems (S-4661, PAPM) and microsomes (0.2 mg of protein) with or without detergent (Brij 58, 0.1 mg), for a total incubation mixture of 1 ml. The reaction was stopped by adding 5 N HCl. The incubation mixture was extracted with chloroform, and the radioactivity of the resultant aqueous fraction was counted with a liquid scintillation counter. The control had no UDPGA.
Effect of S-4661 on UDPGA contents in monkey liver slices. To a 30-ml flask, 0.5 g of liver slices, 2 ml of KRB, 103 g of 14 C-VPA (10 Ci/mg), and 100 g of S-4661 were added. The mixtures were finally bubbled again with the O 2 /CO 2 (95:5) gas for 30 s and then incubated for 1 h at 37°C constant shaking. After incubation, the mixtures were homogenized and centrifuged, and the resultant supernatant was used for the same TLC analysis as described above.
Under the same incubation conditions expect for removal of VPA as described in the liver slice experiment, the mixture was incubated for 1 h with S-4661. After incubation, the mixtures were immediately homogenized, denatured by heating in a boiling hot water bath, and centrifuged. The resultant supernatant was used for the analysis of contents of UDPGA by the HPLC method (Aw and Jones, 1982 ) with a slight modification as follows. The HPLC chromatograph (model LC-10AS; Shimadzu) was equipped with a UV detector (wavelength, 260 nm) and a Symmetry C18 column (4.6 ϫ 150 mm; Waters). The mobile phase was 0.1 M potassium acetate (pH 5.6)/0.01% n-octyl amine in MeOH (95:5 by volume) and the flow rate was 1 ml/min.
Hydrolysis of VPA-G by liver homogenate. To 1 ml of liver homogenate (20%, w/v%), 14 C-VPA-G (82 g Eq of VPA) and S-4661 (100 g) were added, followed by incubation for 1 h at 37°C. After incubation, the mixtures were centrifuged, and the resultant supernatant was subjected to the same TLC analysis as described before.
Experiments in Rats. Plasma levels of VPA and VPA-G after intravenous dosing of 14 C-VPA or 14 C-VPA-G with carbapenem. Under light anesthesia with ether, polyethylene tubes were inserted into the femoral vein for the infusion of carbapenems (S-4661 or PAPM) and into the tail vein for the bolus injection of 14 C-VPA or 14 C-VPA-G, and also into the jugular vein for blood sampling. S-4661 or PAPM was injected at a bolus loading dose of 5.25 or 10 mg/kg followed by a constant-rate infusion maintained at a dose of 86.85 or 85.80 mg/kg/h through the femoral vein to achieve the desired steady-state concentration of about 50 g/ml. Infusion was carried out from before 30 min to after 2 h of bolus dosing of 14 C-VPA (30 mg/kg) or 14 C-VPA-G (6.87 mg Eq of VPA/kg). Blood was collected at 2, 5, 15, and 30 min, and 1, 2, and 3 h after dosing of VPA or VPA-G, and centrifuged to obtain a plasma sample. The plasma sample (100 l) was deproteinized by adding the same volume of acetonitrile, vortexed, and then centrifuged at 14,000 rpm for 1 min. The 50 l 
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at ASPET Journals on October 14, 2017 dmd.aspetjournals.org of supernatant was subjected to TLC analysis as described above. The TLC plate was placed in contact with an imaging plate (Fuji Photo Film Co., Ltd.). The percentages of VPA and VPA-G to all the radioactivity on the developing area of the TLC plate, which were obtained by radioluminography using BAS 2000 (Fuji Photo Film Co., Ltd.), were validated using the mixture of known amounts of 14 C-VPA and 14 C-VPA-G. Urinary and biliary excretion of radioactivity after intravenous dosing of 14 C-VPA or 14 C-VPA-G with carbapenem. The rats were anesthetized with ether, the femoral vein and bile duct were cannulated with polyethylene tubing, and rats were held in Bollman cages. Thirty minutes after starting the S-4661 infusion as described above, a bolus dose of 14 C-VPA (30 mg/kg) or 14 C-VPA-G (6.83 mg Eq of VPA/kg) was injected through the tail vein. Urine and bile were collected at 30-min intervals for 120 min. Urine and bile samples were directly subjected to the same TLC analysis described for rat plasma.
Experiments using rat liver slice. Into a 30-ml flask was placed 0.5 g of liver slice, 2 ml of KRB, 103 g of 14 C-VPA (10 Ci/mg), and 100 g of S-4661. The mixture was incubated as in the case of the monkey liver slices. After incubation, the mixture was homogenized and centrifuged, and the resulting supernatant was subjected to TLC analysis as described for the monkey liver slices. VPA-G hydrolysis by rat liver homogenate and subcellular fraction. Rat liver was homogenized (22.5%, w/v) in KRB buffer, and further fractionation was done by a usual method (Vincent, 1959 ) to obtain mitochondria, lysosome, microsome, and cytosol fractions. To a 10-ml test tube, 14 C-VPA-G (52-56 g Eq of VPA), S-4661 (100 g), and homogenate or a subcellular fraction were added to a final volume of 1 ml with KRB buffer and then incubated for 1 h at 37°C. After incubation, the mixtures were centrifuged, and the resulting supernatant was subjected to TLC analysis as described above.
Data Analysis. For plasma concentration of individual rats, model-independent pharmacokinetic parameters, such as area under the plasma concentrationtime curve (AUC), biological half-life (t 1/2 ), and total body clearance (CL tot ), were calculated using WinNonlin (Pharsight, Mountain View, CA) software.
Statistical Analysis. The results are expressed as the mean Ϯ standard deviation for the indicated numbers of experiments. Statistical differences in pharmacokinetic parameters between control and carbapenem-treated groups were tested by the paired t test, the Dunnett method, and Student's t test. The criterion for statistical significance was p Ͻ 0.05.
Results

Confirmation of Drug Interaction between Carbapenems and
Valproic Acid in Monkeys in Vivo. Plasma concentrations of VPA after oral administration of VPA at 25 mg/kg to male monkeys that had been intravenously coadministered carbapenems after 30 min of VPA dosing are shown in Fig. 2 . The plasma concentration of VPA at 2 h after administration of VPA decreased rapidly with coadministration of carbapenems, and the resulting AUCs and MRTs were smaller than those of the control (Table 1) .
After intravenous administration of VPA and carbapenems to female monkeys, the plasma concentration of VPA decreased more rapidly than that of the control (Fig. 3) , and the resulting AUCs and MRTs were smaller than those of the control (Table 2 ). Urinary excretion rates of total VPA, which was mostly as VPA-G, showed a tendency of increase at 2 h after dosing of VPA (Table 3) . These results clearly indicated that drug interaction between carbapenems and VPA was observed in monkeys as in humans.
In Vitro Experiment using Monkey Liver. The effect of carbapenems on VPA glucuronidation in monkey liver and kidney slices is shown in Fig. 4 . Carbapenems increased VPA-G synthesis up to 10 times that of the control in liver slices. The potency of this effect increased as the concentration of carbapenems increased, and the maximum effect was observed at 2 g/ml.
The same effect of glucuronidation was observed in kidney slices; however, the response was lower than that of liver slices: the maximum effect on VPA-G synthesis in kidney slices (5-6 g Eq of VPA/g of slice) was observed at 6 g/ml carbapenems, whereas the maximum effect of liver slices (10 -15 g Eq of VPA/g of slice) was observed at about 2 g/ml. Flomoxef sodium, which is an analog compound of the cephem group, showed no effect on VPA glucuronidation.
To clarify the mechanism of accelerating glucuronidation for VPA with carbapenems, more suitable conditions for glucuronidation of VPA were examined using monkey liver microsomes. Addition of detergent (Brij 58, 0.1 mg) increased the glucuronidation activity to about twice without detergent (Fig. 5A ). Maximum glucuronidation activity was observed around 5 mM UDPGA with detergent and at about 10 mM without detergent. Under the optimum conditions of glucuronidation with microsomes, carbapenems (S-4661 or PAPM) showed no accelerating effect on glucuronidation. With a lower concentration of UDPGA (1 mM), the carbapenem effect was also not observed (Fig. 5B) . These results suggested that acceleration of glucuronidation was not due to activation of glucuronyl transferase or to a detergent effect of carbapenems. One possibility for glucuronidation acceleration is thought to be an increase in the UDPGA content by carbapenems. However, under the condition of glucuronidation of VPA being enhanced to about 10 to 20 times that of the control on addition of S-4661, the amount of UDPGA measured by HPLC increased to only about 1.4 times (not significant) the control (Fig. 6 ). This indicated that there is no relation between acceleration of glucuronidation and the UDPGA content.
Under the experiment using monkey liver slices, the incubation mixture was homogenized and stored overnight in the ice box before analysis, and the next day, we found that there was no VPA-G in the control. Thus, the experiment for hydrolysis of VPA-G was examined using monkey liver homogenates, and this was greatly inhibited by carbapenems (Fig. 7) .
In Vitro Experiments using Rat Liver. To confirm whether or not a similar drug interaction is observed between carbapenems and VPA in rats, in vitro experiments were done using rat liver slices and homogenates. About 10 times accelerated glucuronidation of VPA compared with the control was observed after 1 h of incubation with carbapenems in rat liver slices (Fig. 8) .
In contrast, carbapenems greatly inhibited hydrolysis of VPA-G in the rat liver homogenate. These results indicated that a phenomenon similar to the one in monkey liver occurred in rat liver.
The subcellular localization of VPA-G hydrolase activity was examined using rat liver subcellular fractions obtained by the ultracentrifugation method. Each fraction of mitochondria, lysosomes, microsomes, and cytosols showed hydrolyzing ability of VPA-G; however, only hydrolyzing activity in cytosol was greatly inhibited by addition of carbapenems (Fig. 9) .
In Vivo Experiment in Rats. To clarify how much hydrolysis of VPA-G actually contributes to drug interaction between carbapenems and VPA in rat in vivo, the plasma concentrations of VPA and VPA-G were measured after intravenous administration of 14 C-VPA or 14 C-VPA-G with or without carbapenems to rats. The plasma concentrations of VPA after coadministration of VPA with carbapenems were lower than those of the control rats (Fig. 10) , and their AUCs (26.0 g ⅐ h/ml for S-4661, 23.2 g ⅐ h/ml for PAPM) were significantly lower than that of the control rats (31.2 g ⅐ h/ml) ( Table 4) .
The plasma concentration of VPA-G after coadministration of VPA-G with carbapenems to rats tended to be lower compared with that of the control rats (Fig. 11) , and their AUCs (2.59 g ⅐ h/ml for S-4661, 2.16 g ⅐ h/ml for PAPM) showed a tendency for a lower value compared with control rats (2.89 g ⅐ h/ml) ( Table 5) .
Plasma levels of VPA decreased dramatically after coadministration of VPA-G with carbapenems compared with control rats (Fig.  11) . Their AUCs (0.23 g ⅐ h/ml for S-4661, 0.19 g ⅐ h/ml for PAPM) were significantly lower than that of control rats (1.88 g ⅐ h/ml) ( Table 5 ). These data were applied to the interconversion model (Scheme 1; Ebling and Jusko, 1986) , and the resultant clearance parameters were shown in Table 6 . VPA-G hydrolysis clearance (CL 21 ) dramatically decreased to one-sixth to one-seventh that of control after coadministration with carbapenems; however, VPA-G or PAPM to rats (30 mg/kg i.v.) Each value represents the mean Ϯ S.D. of six or three rats.
VPA ϩ Saline 31.2 Ϯ 4.1 947 Ϯ 143 2.5 Ϯ 1.8 4.7 Ϯ 0.7 VPA ϩ S-4661 26.0 Ϯ 2.9 1124 Ϯ 100 0.7 Ϯ 0.1 4.4 Ϯ 0.6 VPA ϩ PAPM 23.2 Ϯ 2.0* 1256 Ϯ 101* 0.6 Ϯ 0.2 5.7 Ϯ 0.8 synthesis clearance (CL 12 ) increased only 1.4 to 1.7 times that of control. These results clearly indicated that hydrolysis of VPA-G occurs, and carbapenems specifically inhibit hydrolysis of VPA-G in rats in vivo.
To clarify the influence on the excretion process, urinary and biliary excretion was examined after intravenous administration of 14 C-VPA or 14 C-VPA-G with or without carbapenems to rats. In the case of VPA administration, biliary excretion of VPA-G increased about 1.8 times after coadministration of VPA with S-4661 compared with control rat (Table 7) , and total excretion of radioactivity was also significantly increased by coadministration with S-4661. In the case of VPA-G administration, urinary, biliary, and total excretion of radioactivity tended to increase after coadministration with S-4661 compared with the control rat ( Table 8) . The values of VPA-G excretion into urine after coadministration of VPA-G with S-4661 showed great variation, which originated the unstableness of VPA-G, especially for one rat during storage.
Discussion
Carbapenems (PAPM, MEPM, S-4661) reduced plasma concentration of VPA after coadministration of VPA and carbapenems to monkeys, as observed in humans. There are many possible mechanisms for the drug interaction between VPA and carbapenem, such as the inhibition of plasma protein binding (Hobara et al., 1998) , and the suppression of its enterohepatic recirculation (Kojima et al., 1998) , but the precise reason remains to be clarified. We carried out in vitro experiments using monkey liver and kidney slices and found that carbapenems increased the production of VPA-G in proportion to the amount added, but did not affect the glucuronidation activity with monkey liver microsomes. This means that the acceleration of VPA glucuronidation with carbapenems is not due to UDP-glucuronosyltransferase activation or to the detergent effect, which will be increased due to use of UDPGA as a cofactor. The most plausible reason for acceleration of VPA glucuronidation is the carbapenems increasing UDPGA in the liver, as suggested by Yamamura et al. (1999 Yamamura et al. ( , 2000 . However, under the in vitro conditions of glucuronidation being enhanced 10 to 20 times by addition of carbapenems, the UDPGA contents increased only 1.4 times the control. On the other hand, we found that carbapenems greatly inhibited the hydrolysis of VPA-G in monkey liver homogenates. The same phenomena, such as accel- 
TABLE 5
Pharmacokinetic parameters of or PAPM to rats (6.87 mg Eq of VPA/kg, i.v.) Each value represents the mean Ϯ S.D. of three rats. erating VPA glucuronidation and inhibiting hydrolysis of VPA-G in rat liver by addition of carbapenems, were also observed in rat in vitro, and this hydrolase activity was shown to exist only in the liver cytosol.
To clarify how much hydrolysis actually contributes to the drug interaction between VPA and carbapenems in rat in vivo, the plasma concentration of VPA was measured after intravenous administration of VPA-G with or without carbapenems to rats. Significant amounts of deconjugated VPA were observed in the control rat plasma, and these concentrations decreased dramatically in coadministered rats. These results indicated that hydrolysis of VPA-G occurs, and carbapenems specifically inhibit hydrolysis of VPA-G in rat in vivo.
According to Ebling and Jusko's model (Scheme 1; Ebling and Jusko, 1986) , which is applied to the pharmacokinetic study of compounds displaying interconversion reaction, the biggest difference in the pharmacokinetic parameters between coadministered rats and control rats was observed at CL 21 , the step of the hydrolysis process of VPA-G, although, some small differences were observed at CL 12 and CL 20 (Table 6 ). These results suggest that the most critical point on drug interaction between carbapenems and VPA is the hydrolysis process of VPA-G, which carbapenems inhibit specifically. Since the main site of hydrolysis of VPA-G is thought to be liver, VPA-G stabilized by the inhibitory effect of carbapenems would be more rapidly eliminated from hepatocytes, compared with the control. This might be the reason for increased clearance of VPA-G (CL 20 ) with coadministration of carbapenems. This hypothesis is confirmed by the excretion study showing that the more rapid excretions of radioactivity into urine and bile were observed after coadministration of 14 C-VPA or 14 C-VPA-G with carbapenems, compared with the control rat. Research to identify the kind of enzyme contributing to this reaction is now under way. 
